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We propose to use the energy absorption spectroscopy to measure the kinetic coefficients of unitary
Fermi gases in a uniform potential. We show that in our scheme, the energy absorption spectrum
is proportional to the dynamic structure factor of the system. The profile of the spectrum depends
on the shear viscosity η, the thermal conductivity κ and the superfluid bulk viscosity ξ3. We show
that extraction of these coefficients from the spectrum is achievable in present experiments.
Strong interaction remains a main challenge to modern
many-body theory. Recent applications of holographic
duality provide a new way to explore physics of strongly
interacting systems [1, 2]. The principle of holographic
duality is to transcribe a strongly interacting quantum
system in d + 1 space-time dimensions into a classical
gravity theory in (d+1)+1 dimensions. In particular, the
method has been used to calculate hydrodynamic behav-
iors in the long wave-length and low energy limit [1, 2].
One example is that for a wide class of interacting sys-
tems, the diffusion coefficient Dη ≡ η/sT , as η is the
shear viscosity and s is the entropy density, has been
shown to have a universal value 1/4piT (the light speed
c = 1) [3]. Since the ratio η/s is known to diverge in the
noninteracting limit, Kovtun, Son and Starinets conjec-
tured the existence of a lower bound for the ratio, i.e.,
η/s ≥ 1/4pi [3]. Lately this lower bound has been gen-
eralized to the form D & v2/T , where D is the diffusion
coefficient for any diffusive mode and v is a typical ve-
locity scale of the system [4, 5]. In addition, an upper
bound has also been put forward via considering the con-
strains from causality: D . τeqv2LR [6, 7]. In this case,
one assumes the Lieb-Robenson velocity vLR as the upper
bound for propagation speeds of any local perturbations,
and τeq is the thermalization time to reach local equilib-
rium.
The unprecedented power of tuning interactions in ul-
tracold atomic gases makes the system an ideal platform
to test the above predictions. Previous measurements of
the shear viscosity for unitary Fermi gases find a mini-
mum value of the ratio η/s about several times the lower
bound 1/4pi [8–10]. However, accurate extraction of the
kinetic coefficients in the experiments are hampered by
the inhomogeneity of the gases confined in external har-
monic traps. Recent realization of uniform potentials for
Bose [11–13] and Fermi gases [14] offers a way to circum-
vent this difficulty.
In this work, we propose an energy absorption spec-
troscopic method to measure the kinetic coefficients of
unitary Fermi gases in a uniform potential. During the
early days to produce ultracold atomic gases, the noise in
the harmonic trap used to confine the gases in experiment
gives rise to heating and was considered an obstacle for
achieving low temperatures. Later, experimentalists ob-
served resonant parametric heating in weakly interacting
gases when the deliberately introduced modulation of fre-
quency ω to the harmonic potential of trapping frequency
ωho is tuned at ω = 2ωho [15, 16]. With a long wave-
length and low frequency perturbation added on top of
the uniform potential, we show how the energy absorp-
tion spectrum, which is related to the dynamic structure
factor, is determined by the hydrodynamic equations;
consequently the kinetic coefficients, such as the shear
viscosity η, the thermal conductivity κ and the super-
fluid phase bulk viscosity ξ3, can be extracted from the
features of the spectrum. With the estimate of the mag-
nitudes of the kinetic coefficients by the linearized Boltz-
mann kinetic equation [17, 18], we show that the effects of
the kinetic coefficients on the spectrum can be observed
within current experimental resolution. Our proposed
measurement gives an opportunity to determine the ki-
netic coefficients more accurately than those previously
from inhomogeneous gases, and would put the theoreti-
cal predictions regarding strong interacting systems to a
more stringent test.
We consider that on top of the uniform potential,
there is a spatial and temporal potential perturbation
δU(r, t) = 2U0 cos(q · r− ωt) in the long wavelength and
low frequency limit such that q  kF and ω  EF .
Here the Fermi momentum is kF ≡ (6pi2N/V )1/3 and
the Fermi energy is EF ≡ k2F /2m, with N the number of
fermions of each component of the unitary Fermi gas and
V the system volume. Such a perturbation, for example,
can be conveniently realized by a digital micromirror de-
vice (DMD) [19, 20]. The resultant perturbation Hamil-
tonian is Hˆper =
∫
drδU(r, t)nˆ(r), with nˆ(r) the number
density operator. The unitary Fermi gas would absorb
energy from the time varying perturbation; at the level of
linear response, the energy absorption spectrum is pro-
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2portional to
Γ(q, ω) =2piω(1− e−ω/T )
×
∑
f,i
Pi|〈f |nˆq|i〉|2δ(ω + Ei − Ef ), (1)
where nˆq ≡
∫
drnˆ(r)e−iq·r, |i〉 are the eigenstates of the
system, Ei are the corresponding eigenenergies, and Pi
is the thermal distribution. Exactly speaking, the uni-
form potentials realized in the experiments come with
walls at boundaries and momentum is not conserved. For
simplicity, we consider in the thermodynamic limit that
boundary effects shall be negligible. We take ~ = 1,
kB = 1 throughout. Note that Γ(q, ω) is nonnegative
and Γ(q, ω) = Γ(q,−ω). Thus by our specific pertur-
bation δU(r, t), the energy absorption spectrum is given
by
Γ(q, ω) = 2piω(1− e−ω/T )S(q, ω), (2)
where S(q, ω) is the the dynamic structure factor. Bragg
spectroscopy has been widely used in ultra-cold atomic
gases to access the information of the dynamic structure
factor [21–27]. A recent experiment designed to probe
the Goldstone mode and pair breaking excitations in the
center part of harmonically trapped unitary Fermi gases
has managed to extend the transferred momentum to
as low as q ∼ 0.5kF [28]. Quasiparticle energies and
quantum depletion of Bose-Einstein condensates in uni-
form potentials have been measured at a similar wave-
length [29, 30]. Our proposed energy absorption spec-
troscopy implemented by the digital micromirror devices
has the prospect to conveniently explore longer wave-
length regimes [19, 20].
It is worth mentioning that by coupling different forms
of perturbation potentials to the atomic gases, one is able
to use the energy absorption spectrum to probe different
information of the gases. Previously by the technique of
synthetic gauge fields, one is able to generate an effective
gauge field A(r, t) [31, 32]; by varying the effective field
A(r, t), one can use the energy absorption spectrum to
measure current-current correlations. For gases in opti-
cal lattices, the energy absorption spectrum due to the
amplitude and phase modulation of the optical lattice
potential has also been shown to give access to the in-
formation both of the Mott-insulating gap and to the
kinetic-energy correlations [33–41].
For our specific potential perturbation, the energy ab-
sorption spectrum (1) of the unitary Fermi gas is related
to the density correlation of the system, whose long wave-
length and low energy behavior can be derived from the
two-fluid hydrodynamic equations [42]. As we are inter-
ested in the linear response regime, the linearized hydro-
dynamic equations, which govern the time evolution of
the mass density ρ, the mass current density j, the en-
tropy density s and the superfluid velocity vs, are given
by [42]
∂ρ
∂t
+∇ · j = 0, (3)
∂ja
∂t
+ ∂bΠab = −∂bΠ′ab − ρ∂aU, (4)
∂s
∂t
+∇ · (svn) = κ∇
2T
T
, (5)
∂vs
∂t
= −∇µ−∇δU −∇ϕ′, (6)
where the sum of the superfluid density ρs and the nor-
mal density ρn is the total mass density ρ = mn, vn is the
normal motion velocity, the sum of the superfluid current
ρsvs and the normal current ρnvn is the total current
j, and the non-dissipative part of the energy-momentum
tensor density is Πab = pδab with p the pressure. The rel-
ative velocity between the normal and superfluid motion
is w = vn−vs, and µ is the chemical potential, and δU is
the potential perturbation that we introduce to extract
the energy absorption rate. The two dissipative terms
are ϕ′ = ξ3∇ · (ρsw) + ξ1∇ · vn and Π′ab = −η(∂bvn,a +
∂avn,b− 23δab∇·vn)−ξ1δab∇· (ρsw)−ξ2δab∇·vn. In ad-
dition to the thermal conductivity κ, the shear viscosity
η and the bulk viscosity ξ2, the relative motion between
the superfluid and the normal part shall give rise to ex-
tra dissipation characterised by two viscosities ξ1 and ξ3.
The positive definiteness of entropy production requires
ξ21 < ξ2ξ3 [42]. One simplication for unitary Fermi gases
is that since at the unitarity point the s-wave scattering
length as is divergent, i.e., 1/as = 0, the absence of any
interaction length scales renders the systems conformal
invariant. As a result, ξ1 = ξ2 = 0 [43]. Therefore, the
dissipation of unitary Fermi gases is captured by the ki-
netic coefficients η, κ and ξ3, while ξ3 drops out in the
normal phase.
The perturbation δU(r, t), which enters into Eq. (6),
induces a density fluctuation δρ(r, t) over the uni-
form background. We define the linear response func-
tion χ(q, ω) = δρ(q, ω)/δU(q, ω). By the fluctuation-
dissipation theorem, we find
Γ(q, ω)/V = 4piωe−ω/Tχ′′(q, ω)/m2 (7)
with χ′′(q, ω) ≡ −Im[χ(q, ω)], correspondingly
m2S(q, ω)/V = 2χ′′(q, ω)/[exp(ω/T )− 1].
Since the overall density fluctuation δρ only involves
longitudnal modes, we simplify Eqs. (4) and (6) by tak-
ing the divergence of them, and have in the Fourier trans-
formed form(
ω
q
)2
δρ = δp+ ρδU − i4η
3
q · vn, (8)
−
(
ω
q
)
qˆ · (w − vn) = δµ+ δU + iξ3ρsq ·w. (9)
Here the symbol δ denotes fluctuations on the homoge-
neous background. We have used the continuum equation
3(3). On the other side, the Fourier transformed forms of
Eqs. (3) and (5) become
ωδρ+ ρnq · vn + ρsq · vs = 0, (10)
ωδs+ sq · vn = κq2δT/T. (11)
Combining Eqs. (8) and (11) together, one can solve
χ(q, ω) analytically.
The two-fluid hydrodynamic equations were originally
established to explain the superfluid properties of liq-
uid helium-4 [42]. It is known that in the normal phase,
there is only one propagating longitudinal mode, the first
sound, whose velocity c is given by c2 = (∂p/∂ρ)s˜ with
s˜ the entropy for unit mass; the heat conduction mode
is diffusive. In the superfluid phase, when ρs 6= 0, the
heat conduction transforms into the other propagating
longitudinal mode, the second sound, whose velocity is
u2 = s˜
√
Tρρs
cvρn
with v the volume for unit mass. Each of
these modes is expected to give rise to a peak in χ′′(q, ω)
in the frequency domain, and the dissipations ∼ η, κ, ξ3
determine the peak widths. Indeed, in analysing the data
for the dynamic structure factor of liquid helium-4 in
the low frequency regime [44], it was found that S(q, ω)
can be well approximated by the sum of two parts which
each correspond to the two modes; each part takes the
form Si(q, ω) = (ai + biω
2)/[(ω2 − c2i )2 + diω2]. This
approximation in the vicinity of the peaks agrees with
the analytic expression of the dynamic structure factor
derived by Hohenberg and Martin [45]. Recently the sec-
ond sound has been observed in the superfluid phase of
unitary Fermi gases as well [46]. Here we apply the same
approximation to the calculation of χ′′(q, ω) of the uni-
tary Fermi gases and find
χ′′app(q, ω) = χ
′′
1(q, ω) + χ
′′
2(q, ω), (12)
χ′′1(q, ω) =
2ωρ
c2
Γ1c
2q2
4Γ21ω
2 + (ω2 − c2q2)2 , (13)
χ′′2(q, ω) =
2ωρ
c2
(
cp
cv
− 1
)
ΓηΩ
2 + Γκω
2
(Ω2 − ω2)2 + 4(Γη + Γκ)2ω2 ,
(14)
where
2Γ1 =
[
4η
3ρ
+
κ
cp
(
cp
cv
− 1
)]
q2, (15)
Ω2 = u22q
2 + 4ΓηΓκ, (16)
2Γκ =
κq2
cp
, (17)
2Γη =
ρsq
2
ρn
(
4η
3ρ
+ ρξ3
)
, (18)
and cv and cp are the heat capacities for unit volume,
i.e., cv(p) = ρT (∂s˜/∂T )ρ(p). Note that in determining
χ′′2(q, ω), we have expanded to first order of (cp− cv)/cv,
which is justifiable for incompressible liquids. For uni-
tary Fermi gases in the low temperature regime where
phonons are the dominant low energy excitations, cv ∼
T 3 and cp − cv = (T/ρ)(∂p/∂T )2ρ(∂ρ/∂p)T ∼ T 7; this
expansion is also justified. In the normal phase where
ρs → 0, χ′′2(q, ω)/ω becomes the Rayleigh peak of in-
compressible liquids [47]. Therefore, if in the experi-
ment two well separated peaks are observed in the en-
ergy absorption spectrum, fitting experimental data by
Eqs. (7) and (12) to (14) could extract the values of the
kinetic coefficients η, κ, ξ3. However, when dissipation
is sufficiently strong, the widths of the two peaks may
exceed the separation between the peaks. In this situ-
ation, the above two-peak approximation breaks down,
and one shall solve χ′′(q, ω) via Eqs. (8) to (11) instead.
It is known that χ′′(q, ω) of unitary Fermi gases satisfies
the identity η = limω→0 limq→0 3ω3χ′′(q, ω)/q4 [48].
The full profile of the energy absorption spectrum
Γ(q, ω) depends on both the equation of state and the ki-
netic coefficients. Since the interaction in unitary Fermi
gases is fine tuned at the unitary limit where 1/as = 0,
the thermodynamic functions of the unitary Fermi gases
are universal [49]. Namely, we define x = µ/T and can
express the pressure and the superfluid density as [50]
p =
T
λ3T
fp(x), (19)
ρs =
1
λ3T
fs(x). (20)
Here λT is the thermal wave-length; the two universal
functions fp(x) and fs(x) determine the thermodynamic
equilibrium properties of the unitary Fermi gas. The ex-
act forms of fp(x) and fs(x) can be analytically derived
in the low and high temperature limits. The superfluid
transition temperature TC has been found experimen-
tally to be around 0.15TF (TF = EF ) [51]. In the regime
T/TC  1, the dominate excitations are phonons. To
the lowest order, one could approximate the action of
the system by that of non-interacting thermal phonons
[52]. In the high temperature regime, the fermion fugac-
ity z = exp(µ/T ) is small and one can calculate the ther-
modynamic functions by the virial expansion [49, 53–57].
Experimentally, previous measurement of the equation
of state yields the general behavior of fp(x) [51], and the
superfluid density ρs in a wide temperature range below
the critical temperature has also been extracted out from
the previous second sound experiment [46].
The kinetic coefficients can be evaluated by the varia-
tional method based on the linearized Boltzmann kinetic
equation [17, 18]. In the high temperature limit, the scat-
tering cross section between the merely non-interacting
fermions is governed by the thermal wave-length as the
scattering length as is divergent; this variational method
4FIG. 1: The energy absorption spectrum Γ(q, ω) of unitary
Fermi gases with
√
2|q|/kF = 0.1 in the superfluid phase. The
approximation Γapp(q, ω) is shown for comparison. The inset
shows the full profiles of the first sound peaks.
yields
κ =
225
128pi1/2
m1/2T 3/2, (21)
η =
15(mT )3/2
32pi1/2
, (22)
for the unitary Fermi gas [18]. In the low temperature
limit, phonons are the primary excitations; we model the
system by a quantum action which includes the phonon
vertex at the tree-level [52]. By this model, we find
κ =
5.6× 10−3
ξ2
κ0
(
T
TF
)2
, (23)
η = 2.5× 10−6ξ7/2η0
(
TF
T
)5
, (24)
with κ0 = m
1/2T
3/2
F and η0 = (mTF )
3/2. The Bertsch
parameter ξ is experimentally found to be about 0.37
[51]. In deriving Eqs. (23) and (24), we have taken the
-expansion result for the next-to-leading order parame-
ters of the quantum action [58]. Note that Ref. [59] gives
a result differing from Eq. (24) by a factor 2, which re-
sults from the symmetry factor for scattering between the
identical phonons. The result of [18] is about 10 times
smaller than Eq. (23); we do not know at this point what
gives rise to this numerical difference. The bulk viscosity
ξ3 is also non-zero below the superfluid transition tem-
perature. It has been found by the same method [60]
ξ3 =
8.4× 10−3
ξ3
ξ30
(
T
TF
)3
(25)
with ξ30 = m
−1/2T−3/2F .
By the experimentally measured equation of state [51]
and the superfluid density [46] and assuming Eqs. (21)
to (25) for the kinetic coefficients extrapolated to re-
gions either above or below the transition temperature
respectively, we plot the profiles of the the energy ab-
sorption spectrum Γ(q, ω) in Figs. (1) and (2). We
choose
√
2|q|/kF = 0.1 for the plot. The choice falls
in the regime that the expected peaks of Γ(q, ω) would
appear at frequencies though low but still comparable to
the temperature T . Otherwise, if |q|/kF is too small,
the peak heights would be exponentially suppressed due
to the factor ωe−ω/T in Eq. (7). Figure (1) shows that
below the superfluid transition temperature TC , the sec-
ond peak at lower frequency, which corresponds to the
second sound in the superfluid, has a much smaller mag-
nitude compared with that of the first sound peak; this is
because in the incompressible limit, i.e., cp/cv → 1, the
second sound becomes purely a temperature wave which
does not couple to density fluctuations [42]. When the
temperature T is lowered, the superfluid fraction grows
rapidly [46], the second sound velocity increases, and so
does η. As a result the second sound peak in Γ(q, ω)
moves to higher frequency; the two peaks come closer to
each other, and at the same time become wider. When
the two peaks are well separated, the plot of Γ(q, ω)
shows a good agreement with the approximated spec-
trum Γapp(q, ω), which corresponds to the two-peak ap-
proximation result χ′′app(q, ω). From Eqs. (23) to (25),
the widths of the two peaks of the the energy absorp-
tion spectrum Γ(q, ω) are both expected to be domi-
nated by the contribution from the shear viscosity η for
T/TF . 0.15. Figure (2) shows Γ(q, ω) for tempera-
tures T well above the superfluid transition temperature
TC . In this case, Γapp(q, ω) again gives a rather good
approximation. Only the first sound peak shows up in
the spectrum. In the inset, we plot Γ(q, ω)/ω2, in which
the Rayleigh peak at zero frequency is discernible; the
extraction of κ is achievable.
In conclusion, we propose to use a simple probe, the
energy absorption spectroscopy, to measure the kinetic
coefficients of unitary Fermi gases in a uniform poten-
tial. We estimate that the observation of the effects of
the kinetic coefficients on the energy absorption spec-
trum shall be within the reach of current experiments.
Our method can be generalized, for example, to measure
spin diffusion coefficients [61–65] if perturbation poten-
tials are chosen to be spin selective. The measurement of
kinetic coefficients of uniform unitary Fermi gases would
advance our understanding of strongly interacting sys-
tems and provide improved comparison with theoretical
predictions.
We thank Haibin Wu and Yanhua Hou for discus-
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Note added. After the posting of this work in the
arXiv, we were notified by Martin Zwierlein at MIT that
his group had already performed an experiment similar
to the one proposed here, obtaining kinetic coefficients
of unitary Fermi gases in uniform traps from the decay
of sound modes [66]. Recently Ref. [67] evaluated the
5FIG. 2: The energy absorption spectrum Γ(q, ω) of unitary
Fermi gases with
√
2|q|/kF = 0.1 in the normal phase. The
approximation Γapp(q, ω) is shown for comparison. The in-
set plots Γ(q, ω)/ω2, which shows the Rayleigh peak at zero
frequency.
dynamic structure factor of unitary Fermi gases derived
from the two-fluid hydrodynamic equations as well, in-
stead together with the input of the experimentally mea-
sured η and the high temperature form of κ. In the over-
lapping temperature regime, their and our results are in
good agreement.
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